Water-soluble near-infrared (NIR) fluorescent labeling probes, named KSQ-3 and -4, which are based on a squaraine backbone, were synthesized and applied to biological labeling. The presented results demonstrate that the large, planar and hydrophobic squaraine dye becomes fully soluble in aqueous solution by the introduction of several sulfo group terminated alkyl substituents. Especially KSQ-4, which is substituted with four sulfo groups, exhibited perfect water solubility and significant fluorescence emission at the NIR region (817 nm) in the presence of bovine serum albumin (BSA). BSA was covalently labeled with KSQ-4, and the conjugate showed a strong absorption peak at 787 nm, which indicates compatibility with commercially available NIR laser diodes used for exciting the fluorophore. Furthermore, strong fluorescence emission was observed at 812 nm (φ = 0.08).
Introduction
Fluorescence detection has being widely applied for recent biological analysis and bioimaging, owing to its high sensitivity, high resolution, and the availability of simple and rapid analytical systems.
Particularly, near-infrared (NIR) fluorescence detection in the spectral range 650 -900 nm, which is often called "optical window", has many advantages: significant reduction of the background signal due to the lowest autoabsorption and autofluorescence of biomolecules in this region, low light scattering and deep penetration of the NIR light, and the possibility to use low-cost excitation light sources. 1 Thus, NIR fluorescent dyes, which have satisfying optical characteristics and functionality for bioanalysis (such as sufficient water solubility and attaching sites to biomolecules), enable the development of noninvasive and simple diagnosis techniques, such as in vivo imaging and photodynamic therapy (PDT). [2] [3] [4] Despite of the recent developments of highperformance NIR fluorescent dyes, an increase in watersolubility of NIR fluorescent dyes remains challenging, due to their large and planar hydrophobic π-conjugate structures. Therefore, we aimed to develop water-soluble NIR fluorescent probes and their application for biological labeling.
For this research, we focused on squaraine dyes (1,3-disubstituted squaric acid derivatives), which belong to the most commonly used far-red and NIR fluorescent probes, due to their high extinction coefficients, quantum yields and photostabilities. 5 Additionally, some squaraine dyes show high sensitivity towards the solvent polarity or the polarity of the surrounding environment, with the quantum yields tending to increase drastically in the presence of biomolecules, such as proteins and antibodies. This feature of squaraine dyes has been made use of for biological analysis: as probes for protein detection, 6, 7 covalent labeling probes, [8] [9] [10] and noncovalent labeling probes. 11 However, most of them exhibit far-red fluorescence around 650 nm; longer-wavelength fluorescent probes that emit over 700 nm are still required. Recently, we presented a new squaraine-based NIR fluorescent dye (KSQ-2) with improved and useful optical characteristics, such as a sharp NIR emission at 751 nm, a high quantum yield (up to 0.56 in low-polarity solvents), and strong fluorescence changes (intensity and wavelength) depending on the solvent polarity. 12 However, KSQ-2 does not have any functional sites for attachment to biomolecules, and is not sufficiently water soluble, due to the presence of hydrophobic alkyl groups. In this paper, we present the design and synthesis of novel watersoluble NIR fluorescent labeling probes for biomolecules based on squaraine, and their application for biolabeling (Fig. 1) .
In our previous work, we found that the introduction of methyl substituents instead of hydrogen atoms at the R 1 positions resulted in a remarkable improvement of the optical properties. 12 In this work, we attempted to introduce sulfoterminated alkyl substituents at the R 1 position in order to increase the water solubility while retaining the improved optical properties. Additionally, two carboxyl group terminated alkyl chains convertible to N-hydroxysuccimide (NHS) esters or to 4-sulfo-2,3,5,6-tetrafluorophenyl (STP) esters (water-soluble esters) are introduced into the molecule, which can react specifically with amino residues of biomolecules under mild conditions (pH 7 -9 at room temperature).
Experimental

Reagents and instruments
All chemical reagents and solvents for synthesis were purchased from commercial suppliers (Wako Pure Chemical, Tokyo Kasei Industry and Aldrich Chemical), and were used without further purification. Phosphate buffered saline (PBS, pH 7.4; contents: 1370 mM NaCl, 81 mM Na2HPO4, 26.8 mM KCl, 14.7 mM KH2PO4) was tenfold diluted for labeling experiments. Bovine serum albumin (BSA) was used as a model protein. All moisture-sensitive reactions were carried out under an atmosphere of argon. The composition of mixed solvents is given by the volume ratio (v/v).
1 H-NMR spectra were recorded on a 300 MHz JEOL JNM-LA 300 (JEOL Ltd., Tokyo, Japan) or a 300 MHz Varian MVX-300 (Varian Inc. Palo Alto, CA) spectrometer at room temperature. All chemical shifts are relative to an internal standard of tetramethylsilane (δ = 0.0 ppm), and the coupling constants are given in Hz. Flash chromatography separation was undertaken using a YFLC-Al-560 chromatograph (Yamazen Co., Osaka, Japan). Electrospray ionization MS spectra were recorded on a PerSeptive Biosystems Mariner TM spectrometer (PerSeptive Biosystems, Tokyo, Japan) with MeOH as the eluent. MALDI-TOF (matrixassisted laser desorption ionization-time of flight) mass spectra were recorded on an Ultraflex TOF/TOF spectrometer (Bruker Daltonics, Billerica, MA, USA) with 3,5-dimethoxy-4-hydroxycinnamic acid (SA) as a matrix. HPLC separation was undertaken using an LC-918 recycling preparative chromatograph (Japan Analytical Industry, Tokyo, Japan) with a 500 mm × 20 mm ODS column (YMC-Pack ODS-A, YMC. Co., Kyoto, Japan). Gel permeation chromatography (GPC) separation for labeling experiments was undertaken using PD-10 Columns (SephadexTM G-25 M) purchased from GE Healthcare Co. Absorption spectra were recorded on a Hitachi U-2001 double-beam spectrophotometer (Hitachi Co., Tokyo, Japan). Fluorescence emission spectra were recorded on an F-4500 fluorophotometer (Hitachi Co., Japan) at 25˚C. In order to calculate the relative quantum yields of KSQ-3 and -4, indocyanine green (ICG, φ = 0.11 in DMSO) 13 and Cy7 TM (φ = 0.28 in aqueous buffer, purchased from GE Healthcare Co.) 14 were used as reference dyes, respectively. Synthesis 7-Oxo-octanoic acid tert-butyl ester 2a. To a solution of 7-oxooctanoic acid 1a (5.06 g, 31.6 mmol, 1.0 eq.), N,N-dimethyl-4-aminopyridine (DMAP, 7.70 g, 63.2 mmol, 2 eq.) and 1-[3-(dimetylamino)propyl]-3-ethylcarbodiimide (EDC, 9.10 g, 47.4 mmol, 1.5 eq.) in CH2Cl2 (20 ml) was added tert-butanol (50 ml, 527 mmol, 16 eq.) and stirred at room temperature for 3 days. The reaction mixture was diluted with CH2Cl2 and washed with pH 1 aqueous HCl and brine. The organic phase was dried over Na2SO4 and evaporated. The yellow residue was purified by silica-gel chromatography (eluent: hexane/ethyl acetate = 90/10 to 80/20) to obtain 7-oxo-octanoic acid tert-butyl ester 2a (4.49 g, 66.4%) as a colorless liquid.
1 H-NMR (CDCl3): δ 1.26 -1.36 (m, 2H), 1.44 (s, 9H), 1.54 -1.64 (m, 4H), 2.14 (s, 3H), 2.21 (t, 2H, J = 7.5 Hz), 2.43 (t, 2H, J = 7.5 Hz).
6-(2-Methyl-2,3-dihydro-1H-perimidin-2-yl)-hexanoic acid tert-
butyl ester 3a. 7-Oxo-octanoic acid tert-butyl ester 2a (4.24 g, 19.8 mmol, 1.0 eq.) and 1,8-diaminonaphthalene (3.13 g, 19.8 mmol, 1.0 eq.) were dissolved in CH2Cl2 (100 ml) with molecular sieve 3A added, and stirred at room temperature. pToluenesulfonic acid (p-TsOH, 282 mg, 1.98 mmol, 0.1 eq.) was added, and the reaction mixture was stirred at room temperature for 36 h. The solution was filtered through Celite and diluted with CH2Cl2. The diluted filtrate was washed with saturated sodium bicarbonate, water and brine, dried over Na2SO4, filtered and evaporated. The brown residue was purified by silica-gel chromatography (eluent: hexane/ethyl acetate = 90/10 to 75/25) to obtain 6-(2-methyl-2,3-dihydro-1H-perimidin-2-yl)-hexanoic acid tert-butyl ester 3a (6.24 g, 88.9%) as a pale-pink solid. 1 
tert-butyl ester 3a (1.00 g, 2.82 mmol, 1.0 eq.) in THF (15 ml) was stirred at room temperature. A suspension of NaH (60% assay, 2.30 g, 56.5 mmol, 20 eq.) in anhydrous THF (5 ml) was added dropwise, and the reaction mixture was stirred for 1 h until the foaming stopped. 1,3-Propanesultone (6.20 g, 50.8 mmol, 18 eq.) was added to this reaction mixture, and it was heated to reflux overnight. After cooling to room temperature, methanol was added to quench excess NaH, and the precipitate was separated by filtration. The filtrate was evaporated to give a pink solid. 
Bis[2-(5-tert-butoxy-carbonyl-pentyl)-1,3-bis-(3-sulfopropyl)-2-methyl-2,3-dihydro-1H-perimidin-6-yl]squaraine tetrasodium
salts 5b. 6-[2-Methyl-1,3-bis-(3-sulfo-propyl)-2,3-dihydro-1H-perimidin-2-yl]-hexanoic acid tert-butyl ester disodium salt 4b (184 mg, 0.286 mmol, 2.0 eq.) and squaric acid (16.3 mg, 0.143 mmol, 1.0 eq.) were dissolved into a toluene/1-butanol mixture (1/1, 50 ml) and refluxed for 12 h using a Dean-Stark trap. After cooling to room temperature, the solvent was evaporated. The residue was purified by flash chromatography (ODS, eluent: water/acetone = 50/50 to 60/40), preparative TLC (RP-18, eluent: water/methanol = 60/40) and HPLC (ODS, water/acetone = 60/40) to obtain bis[2-(5-tert-butoxy-carbonyl-pentyl)-1,3-bis-(3-sulfopropyl)-2-methyl-2,3-dihydro-1H-perimidin-6-yl]squaraine tetrasodium salt 5b (4.5 mg, 2.3%) as a brown solid. 1 H-NMR (CD3OD) δ 1.01 -1.83 (m, 16H), 1.35 (s, 18 H 
Bis[2-(carboxy-pentyl)-1,2,3-trimethyl-2,3-dihydro-1H-perimidin-6-yl]squaraine KSQ-3-H.
Bis[2-(5-tertbutoxycarbonyl-pentyl)-1,2,3-trimethyl-2,3-dihydro-1H-perimidin-6-yl]squaraine 5a (241 mg, 0.286 mmol) was added to formic acid (20 ml) and stirred for 12 h at room temperature. The reaction mixture was diluted with ethyl acetate and washed with water and brine, dried over Na2SO4, filtered and evaporated. The dark-purple crude was purified by silica-gel chromatography (eluent: chloroform/methanol = 95/5, including 1% acetic acid) to obtain bis 
Bis[2-(carboxypentyl)-1,3-bis-(3-sulfopropyl)-2-methyl-2,3-dihydro-1H-perimidin-6-yl]squaraine tetrasodium salt KSQ-4-H.
Bis{2-(5-tert-butoxy-carbonyl-pentyl)-1,3-bis-(3-sulfopropyl)-2-methyl-2,3-dihydro-1H-perimidin-6-yl}squaraine tetrasodium salt 5b (3.2 mg, 0.002 mmol) was added to formic acid (200 μl) and stirred for 4 h at room temperature. Formic acid was removed in vacuo, and the resulting residue was purified by preparative thin-layer chromatography (RP-18, eluent: water/methanol = 50/50) to obtain bis [2- 
Labeling experiments
Labeling experiments were performed according to the following two-step protocol: First, each carboxyl-terminated KSQ dye (1 mg, 1 eq.) was dissolved into dry DMF, and NHS or STP (3 eq.), EDC (3 eq.) and DMAP (0.1 eq.) were then added into the reaction mixture at room temperature and stirred for 24 h. After removing the solvent in vacuo, KSQ-3-NHS, KSQ-3-STP, or KSQ-4-NHS were obtained, and were used for the next step without further purification, except for KSQ-3-STP, which was purified by HPLC (RP-18, eluent: methanol) for spectral measurements. In the second step, each dye was dissolved into DMSO (100 μl, for KSQ-3) or PBS buffer (100 μl, for KSQ-4), added into PBS buffer (pH 7.4, 1 ml) in the presence of bovine serum albumin (BSA, 5 mg), and stirred at room temperature for 1 h while being protected from ambient light. The mixture was purified by GPC (eluent: PBS buffer). The first fraction, which had a purple or brown color, was identified as the dye-BSA conjugate from its UV-VIS spectrum.
Results and Discussion
Spectra of KSQ-3 in various solvents, including aqueous solution
According to the results of absorption and fluorescence spectroscopic measurements, KSQ-3-H was found to exhibit the same trends as the previously reported dye KSQ-2 12 in terms of the optical properties: KSQ-3-H showed sharp and strong emission at 776 nm in toluene (ε: 210000 M -1 cm -1 , φ = 0.44), while exhibiting much lower emission in methanol (φ < 0.01). Such a behavior is considered to be advantageous for the detection of biomolecules, which are known to provide a more hydrophobic environment (e.g. hydrophobic pockets) than the surrounding. 15 For this reason, we examined the optical properties in aqueous solution and the changes upon the addition of biomolecules, such as BSA. KSQ-3-H could not be completely dissolved in PBS buffer (solubility in water: less than 1 μM), although it was soluble to a certain degree in a PBS/DMSO mixture (95/5). This indicates that the two carboxylic acid residues alone do not sufficiently enhance the water solubility of the dye. Obviously, NIR fluorescent dyes with large and planar chemical structures require the presence of bulky (to prevent face-to-face stacking) and hydrophilic substituents. Therefore, several sulfo groups (more than one) were introduced into the proper position of the KSQ structure, while considering the following points: First, the number of sulfo groups is crucial. Second, the introduction position should not negatively affect the optical characteristics, such as the fluorescence quantum yield and emission wavelength. Since a sulfo substituent has a strong electron-accepting ability, the introduction into the π-conjugate structure of a dye might cause a certain, sometimes negative influence on the optical properties. Therefore, the introduction of sulfo groups into a position separate from the π-conjugate structure (e.g. the end of alkyl chains) is preferable. Symmetrical substitution is also desirable, because an asymmetric substitution might result in an amphiphilic characteristic of the dye, which is likely to cause micelle formation in an aqueous environment.
The effect of sulfo groups 1: two sulfo groups introduced as STP esters
First, we focused on active esters as introduction sites of sulfo groups. A 4-sulfo-2,3,5,6-tetrafluorophenyl (STP) ester is a sulfonated derivative of a pentafluorophenyl (PFP) ester, which is known as one of the commonly useful amine-reactive esters. 16 This residue allows the simultaneous introduction of a watersolubility enhancing site and an activated amine-reactive ester site within the same substituent. The esterification of KSQ-3-H with STP could be performed under the same conditions as in the case of NHS. The resulting KSQ-3-STP could be dissolved into 100% PBS buffer (solubility in water: at least 1.5 μM). Figure 2 shows that the absorption spectrum of KSQ-3-STP in pure PBS buffer was sharper than that of the corresponding NHS derivative, KSQ-3-NHS, in a PBS/DMSO mixture (full width at half maximum, fwhm: 134 nm and 169 nm, for KSQ-3-STP and KSQ-3-NHS, respectively), but still significantly broader than in the case of KSQ-3-H in methanol (fwhm: 60 nm). A strong dye-dye aggregation was assumed to be the cause for this behavior. After labeling to BSA, the absorption spectrum was slightly sharpened, but only a very weak fluorescence could be detected (data not shown), indicating that the water solubility was not sufficiently enhanced by the introduction of only two sulfo groups.
The effect of sulfo groups 2: four sulfo groups
We therefore considered that for such a large dye like KSQ, more than two sulfo groups are required to achieve complete solubility in water. For this purpose, 1,3-propansultone, which is often used for the sulfonation of water-insoluble dyes, was introduced into the R 1 position of the squaraine backbone. The reaction between 1,3-propansultone and the 2,3-dihydroperimidine derivative was first attempted in an aprotic solvent without any base, following a literature procedure, 17, 18 but, without success. The reaction only proceeded after deprotonation with NaH in THF, with a good synthetic yield (30.4%). Finally, the coupling of the dihydroperimidine derivative with squaric acid was achieved, to yield KSQ-4-H. KSQ-4-H could be completely dissolved in PBS buffer (solubility in water: at least 2 mM), and exhibited a sharp absorption spectrum band (fwhm: 79 nm, see Fig. 3 ) at 775 nm, similar to that of KSQ-3-H in methanol (fwhm: 60 nm). This indicates that dye-dye aggregation could be prevented, and that KSQ-4-H dissolved in aqueous solution owing to its high hydrophilicity induced by the four sulfo moieties. Also, KSQ-4-H exhibited almost no fluorescence in PBS buffer, which is consistent with the original characteristics of the KSQ structure. The addition of BSA (1 mg/ml) resulted in an absorption band at 786 nm with retained sharpness, and a significant increase of the fluorescence intensity (about 25-fold) at 817 nm. This increase of the fluorescence intensity is attributed to a decreased local hydrophilicity induced by the presence of BSA, a phenomenon, that is well-reported in the literature. 8, 15 Additionally, it is noteworthy that fluorescence emission is observed at a wavelength above 800 nm. There are only very few known NIR fluorescent probes (cyanine dyes) that emit at wavelengths above 800 nm in aqueous solution.
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The wavelength of the maximum absorbance is identical to the emission maxima of widely commercially available NIR diode lasers (e.g. emitting at 780 or 785 nm), rendering KSQ-4-H as a suitable NIR fluorescent probe for use with NIR diode lasers.
The activated ester derivative KSQ-4-NHS was successfully applied for the covalent labeling of a protein (BSA), which was confirmed by GPC, UV-VIS spectrometry, and MALDI-TOF analysis.
The MALDI-TOF MS peak of KSQ-4-BSA conjugates appeared at around m/z 67800, while that of labelfree BSA was observed at m/z 66700. From this result, it is concluded that approximately one dye molecule (formula weight: ca. 1100 Da) could be attached to one BSA molecule. This KSQ-4-BSA conjugates exhibit strong absorption (787 nm) and fluorescence emission (812 nm, φ = 0.08, shown in Fig.  4) . Therefore, KSQ-4 is a potentially useful NIR labeling reagent for biological applications.
Conclusions
Water-soluble NIR fluorescent probes based on a squaraine structure, which exhibit significant fluorescence at wavelengths over 800 nm after protein labeling, were established. These water-soluble NIR fluorescent probes enable much easier handling for biological analyses that have to be undertaken in aqueous solution. In the future, they are expected to be useful in bioanalytical applications, such as for protein detection, as covalent labeling probes, and as contrast agents for in vivo imaging.
